By the use of LC-ICP-MS, we can find out which p roteins bind a toxic metal, and from that u n d e rstand how enzymatic or other biological processes are affected. The binding of lead to δ-a m i n o l evulinic acid dehydratase (ALAD) in red blood cells is one example of this. S t i l l , t h e methodology needs further development to allow safer conclusions from the studies.
D
espite the vast literature on lead toxicity [1] , little is known about the biochemical mechanisms responsible for the toxicity of lead and other metals. The general assumption is that lead interacts with the function of enzymes, signal systems and membranes, probably by binding to certain sites of proteins. Recent studies in the laboratory in Lund have shown a remarkable specificity for the binding of lead to certain red blood cell proteins, such as δ-aminolevulinic acid dehydratase (ALAD) [2] . This binding causes inhibition of the enzymatic activity. The inhibition of ALAD activity by lead has been known since the 1960s, but there are also other, as yet unidentified, lead-binding proteins. By identifying the proteins prone to bind lead, we may be able to understand lead toxicity better; identify enzymatic or other biological processes affected; find markers of lead exposure and effects; identify individuals especially sensitive to the metal; figure out candidates for antidotes; and understand how lead is transported within the cell and in the body. The same principle should hold true for other toxic metals as well. Now is a good time to investigate protein-binding of toxic metals. The development of new analytical instrumentation for trace elements and for protein characterization has made it possible to study metals at lower levels than before. Thus, we can now often study the metals in true phy s i o l ogi c a l samples, without the use of radioactive isotopes and without in vitro additions up to concentrations above those physiologically relevant. At the same time, there has been rapid development in bioinorganic chemistry. Generally, the big leaps forward within the bioinorganic chemistry have been c o n c e rned with the interaction between the essential elements and the biology. As a consequence we now know much about how essential elements usually work in biological systems. This knowledge lays the ground for learning about the ways toxic elements interfe re with the norm a l functions of the biological systems. This short review paper will deal with lead-binding proteins. The aim is not to describe all the details within the field, but to give an exemple of an area where analytical chemists may play a key role in advancing knowledge and understanding.
Lead-binding proteins in human erythrocytes
This section will focus on lead-binding proteins in human red blood cells (erythrocytes). Studies of lead-binding proteins in kidney have been reviewed elsewhere [3] .
The concentration of lead in whole blood is frequently used to monitor exposure to lead, especially in occupationa l ly exposed wo rke rs. The studies described below bega n with the questions: What is monitored, when we determine lead in whole blood? Where in the blood is the lead? Is whole blood the most relevant medium for assessment of exposure and/or risk, or would, for example, plasma analysis be more relevant? Another measure of lead exposure and risk is the activity of the enzyme δ-a m i n o l evulinic acid dehydratase (ALAD) in red blood cells (Fig. 1) .
In blood, most of the lead is found in the red blood cells, leaving only in the order of 1% of the lead in the blood plasma. The pro p o rtion of lead in plasma increases with i n c reasing lead concentrat i o n , so that a curved re l at i o n appears between the concentration in whole blood and that in plasma [4, 5] . The large difference between the lead conc e n t rations in cells and plasma may be explained by the presence of a protein with high affinity for lead, inside the red blood cells. This high-affinity protein has been presented as being hemoglobin [1] , but it has also been proposed that ALAD may be responsible for an appreciable proportion of the lead-binding in red blood cells [6] .
We recently studied protein-bound lead in cytosol from red blood cells by LC-ICP-MS [7] . Th ree lead peaks ap p e a red in the ch ro m at ogra m s , at retention times corresponding to apparent molecular masses of 240, 45 and less than 10 kDa, respectively (Fig. 2) . Fractions collected from the major peak (at an apparent molecular mass of 240 kDa) showed ALAD activity (the true molecular mass of ALAD is 280 kDa). The lead peak disappeared when ALAD was extracted with specific antibodies, thereby confirming that the lead was bound to ALAD [2] . We could thus conclude that the principal lead-binding protein in red blood cells is, in fact, ALAD. No hemoglobin-bound lead was found. The 45 kDa peak is somewhat overlapped by the iron peak for hemoglobin, but the elution profiles for iron and lead differ. The lead signal peaks approximately half a minute later than the iron signal [8] .
The finding that lead binds mainly to ALAD, and not to hemoglobin, provides an explanation for a number of phenomena observed in lead toxicity: i) The inhibition of ALAD activity by lead which has been observed in lead-exposed i n d iv i d u a l s , o c c u rs as a consequence of direct binding of lead to the protein, presumably by binding to sites meant for zinc. ii) The binding of lead to a protein less abundant than hemoglobin, provides an explanation of the curvilinear relation between blood-and plasma-lead concentrations. Th e c u rvat u re can be described by a model based on limited binding capacity for lead-binding proteins [8, 9] , and the binding capacity in such a model fits well with the erythrocytic concentration of ALAD [8] . iii) It has been suggested that a genetic polymorphism in the human ALAD gene may cause certain individuals to be more sensitive to lead toxicity than others [10] [11] [12] . The considerable binding of lead to ALAD may play an important role in the mechanism behind the influence of the ALAD polymorphism on lead toxicity.
The other two lead-binding proteins have not been identified yet. It may be hypothesized that the chromatographic lead peak at 45 kDa reflects lead bound to pyrimidine-5-nucleotidase, an erythrocytic enzyme, which is inhibited by lead [13] , requires magnesium for its activity, and has an apparent molecular mass of 45 kDa [14] .
The smallest of the three proteins (ap p a rent molecular mass <10 kDa, but distinct from the salt peak) is the one which has been the most difficult to study, but which may very well be the most interesting one. The peak area showed an unacceptable variation [7] , even in repeats of the same sample. In runs where the peak was large, the recovery could be well above 100%, showing that the lead originated from other sources than the sample itself. The peak was much smaller in a later study [8] . The protein may be the same as that which was reported by Raghavan and Gonick [15] , and which has been claimed to be inducible by lead exposure and have a protective effect against lead toxicity [16, 17] . An interesting parallel to the small lead-binding protein in red blood cells is a small lead-binding protein found in kidney [18] . The kidney protein has been shown to have the ability to sequester lead from ALAD and part i a l ly restitute the a c t ivity of lead-inhibited ALAD [19] . The identity of the k i d n ey protein has been rep o rted to be acy l -C o A -b i n d i n g protein [20] . The acyl-CoA-binding protein is also present in red blood cells [21] , and there are indications pointing in the direction that the small lead-binding protein in red blood cells may actually be identical with acyl-CoA-binding protein [12] .
Analytical methods
In early studies, p roteins we re fra c t i o n ated on gel ch romatography at low pressure. A peristaltic pump or placement of the bottle with the eluent on a shelf above the column provided the pressure necessary to obtain a flow through the column. One separation could take 10-15 hours. Fractions were collected, and lead (or other elements) were determined in the fractions by, for ex a m p l e, atomic ab s o rption spectrometry.
Gercken and Barnes [22] coupled a size exclusion column for HPLC to ICP-MS. Owen et al. [23] used a gel chrom at ographic column designed for protein sep a ration at a pressure between that of conventional HPLC and conventional gel chromatography coupled directly to ICP-MS. Our setup has been essentially the same as the latter [7] .
The use of a ch ro m at ographic column will always be afflicted by the suspicion that the separation may alter the o ri ginal composition of the metal species. Further understanding of what happens when metalloproteins are passed t h rough a sep a ration column ap p e a rs to be ve ry limited. Hypothetically, a number of mechanisms may be involved in the altering of the composition of metal species: i) Equilibria may be altered when metal species are physically separated from each other. The time each separation takes may be of importance, if the kinetics for exchange of the metal is in the same order of magnitude as the separation time.
ii) The column matrix may have an affinity for the metal, which can lead to loss of metal and/or transfer of metal between samples. iii) The column may have an affinity for certain parts of the proteins, so that the tertiary structure may be temporarily distorted, leading to loss of coordinated metals and a poor recovery [12] .
Despite these suspicions, a ny protein wh i ch binds the metal at the exit from the column will of course have the ability to bind the metal. Under phy s i o l ogical conditions, h oweve r, one can not be certain that the partition of the metal between different proteins will be exactly the same.
Discussion
Several different types of size exclusion columns exist, but the knowledge necessary to make the right choice, and ways to ascertain that erro rs are not intro d u c e d, is spars e. Th e same holds true for the choice of buffers. In order to find out which chromatographic conditions to use, validation procedures are necessary. Traditionally, biochemistry has been more of a qualitative than quantitative science. Analytical chemistry, on the other hand, is an extremely quantitative discipline. I strongly believe that analytical chemists with their fa m i l i a rity with re c ove ry, p re c i s i o n , m e m o ry effe c t s , representativity, etc., could make important contributions to method validation and development. Such advances would lead to stronger confidence in the methods and, thus, allow safer conclusions from the studies.
K n ow l e d ge about protein-binding of toxic metals may lead to understanding of mechanisms for transport and toxic action. Based on the example of ALAD and lead, a model for how metal toxicity can be mediated can be pro p o s e d (Fig. 3) . It is an open question whether the model may be generalized, or if it describes a part of the mechanism for lead toxicity only.
